High resolution long-slit spectra of comet Hale-Bopp (C/1995 O1) These observations suggest that the ion pile-up is a typical feature of the nearnuclear plasma environment of active comets. The stando distance and width of the high density region roughly scale with the gas production rate of the comet but the exact functional dependence, which could be used to constrain the mechanism of pile-up formation, remains unclear.
Introduction
A surprising result of the Giotto and Vega spacecraft encounters with the comet Halley in March 1986 was the discovery of a shell-like region of high plasma density outside of the comet's ionopause. The ionopause is the roughly teardropshaped boundary inside of which the solar wind is excluded by collisional coupling between cometary ions and out owing neutral gas (Balsiger et al. 1986 ).
The maximum plasma density measured by the Giotto Ion Mass Spectrometer (IMS) during the encounter was not at closest approach to the nucleus ( 650 km), but at a distance of 1:1 10 4 km, 6000 km sunward of the ionopause (Altwegg et al. 1993) . A week earlier, on 6 March 1986, the BD 3 experiment onboard Vega 1 observed a similar enhancement in ion density which peaked at 1:2 10 4 km, just outside of its point of closest approach (Vaisberg et al. 1987) . A strong electron density peak has since been inferred to have been present at the same radius by inversion of the Vega 1 spacecraft-to-ground signal phase modulation (P atzold et al. 1997 ).
Several possible mechanisms have been proposed to explain the existence of the ion pile-up, but none have proven entirely satisfactory. The most likely candidate seems to be a rapid rise in the thermal electron temperature with nucleocentric radius due to decreased collisional cooling as the neutral gas density falls o (Ip et al. 1986) . A higher electron temperature would inhibit dissociative recombination, the primary destruction mechanism for the dominant H Ground-based observations of the near-nuclear plasma structure of comets over a longer time baseline provide a method for answering this question.
The unusually high gas production rate of comet Hale-Bopp near perihelion (1 April 1997) has permitted the identi cation of the ion pile-up in a new comet, and the monitoring of its long-term stability. The method of long-slit echelle spectroscopy which we used, though only recording a one-dimensional cross section of the comet, allows an accurate subtraction of the re ected solar continuum and thus isolation of the ionic emission. The same technique, applied to comet Hyakutake during its close passage near Earth in March 1996, yields a lower limit on its pile-up position. We present relative column density pro les at Lick Observatory using the 0.6-m coud e auxiliary telescope coupled to the Hamilton Echelle Spectrograph (Vogt 1988) . Comet Hyakutake was observed using precisely the same instrument and method on four consecutive nights from 21 March to 24 March 1996. The observational circumstances are summarized in Table 1 . For each exposure, the nucleus was either centered in or placed at one end of the 6 arc-minute by 7 arc-second spectrograph slit, which was change cannot be attributed to changing viewing geometry as , the sun-cometearth angle, varies by only two degrees between the periods of observation.
We will not attempt to determine the cause of this shift in the position of peak emission. We note, however, that HCO 
Comet Hale-Bopp Results
For the purposes of this paper, we focus on the emission pro le sunward of the nucleus. Since the coma is optically thin in the H 2 O + bands, the relative column density of H 2 O + along each line of sight is proportional to the observed relative emission intensity. In order to use column density pro les to constrain the plasma volume density ahead of the nucleus, however, we must make some assumptions about the general form and symmetry of the coma. The simplest 8 useful model is a hemispherical coma sunward of the nucleus, extended antisunward as a cylindrical tail. We will determine what radial density function must be imposed on this shape to reproduce the observed column densities. The usefulness and de ciencies of this simpli ed geometry will then be discussed.
The simplest plasma density function to impose on this structure is / 1=r 2 , the expected density of a species with a nuclear source undergoing uniform radial expansion. A 1=r 2 density function will give rise to a 1=r column density pro le, which is precisely the emission pro le seen for neutral species with a nuclear or near-nuclear source such as NH 2 (see bottom pannel in Figure 3 ). The distribution is adopted for the innermost regions. We use a fourth order polynomial to transition from this inner regime to the peak of the ion pile-up. The decay from the pile-up peak is of the form 1/r n where 3 < n < 6 best ts the observations. We then vary four parameters | the height and position of the pile-up peak, the width of the pile-up region, and and the exponent n | until the column density calculated for the model radial ion density (assuming hemi-spherical symmetry) most closely matches the observed column density. The radius of the pile-up peak in each individual spectrum is in this way found to be between r peak = 9:3 10 4 and r peak = 1:12 10 5 km. These positions are listed in Table 2 .
The radial density functions determined here are not unique inversions of the column densities. However, after substantial experimentation with di erent candidate radial density functions, all which t the observed column densities were found to have a strong peak at these radii. It is also the case that, although the H 2 O + radial density pro le in the range 5:0 10 4 < r < 1:5 10 5 km is well constrained by a column density pro le at this spatial resolution, the the innermost structure of the coma is not. In our model, the plasma nearest the nucleus is only sampled by those innermost few lines of sight with the highest noise due to high dust levels.
A nal issue to consider is the poor t of the modeled column density to the 8 and 9 March column density pro le at d proj < 5 10 4 km. We are not able, within the framework of the hemispherical model, to generate a strong enough pile-up to match these observations. A dense, thin pile-up reproduces the strength of the column density peak, but makes it too thin, while a wider pile-up cannot reproduce the low observed column densities between the peak at d proj = 9:5 10 4 and the nucleus. The solution is simple: The structure of the cometary plasma sunward of the nucleus of comet Hale-Bopp is not hemispherically symmetric, but rather is condensed along the sunward vector. The location for this pile-up would be slightly closer in | more precisely matched to the projected nucleocentric distance of the peak emission. Where a poor t to the column density pro le requires it, pile-up positions have been calculated assuming an axially condensed geometry and are listed in the nal column of Table 2 . Incorporating the range in pile-up radii implied by these two possible coma geometries, we nd these observations to be consistent with a stationary pile-up at r peak = (1:03 0:12) 10 5 km.
Comet Hyakutake Results
The H 2 O + intensity pro les of comet Hyakutake plotted in the upper two panels region. These observations of comet Hyakutake therefore imply that a maximum in the radial ion density, which we will call the ion pile-up, must occur beyond the end of our slit. We can thus set a lower limit to the pile-up radius of r peak > 1:6 10 4 km on both of these dates. Due to the poor signal-to-noise ratio of the innermost data points, these observations are insensitive to any jet activity throughout this period, sending a tight spiral of high gas density streaming out from the nucleus to great distances (Birkle and Bohnhardt 1997) .
The stability of the ion pile-up structure therefore indicates that it is only weakly coupled to rapid local variations in neutral gas density induced by the rotation of nuclear jets.
Our identi cation of the ion pile-up in two new comets suggests the possibility of testing proposed mechanisms of pile-up formation by correlating gas production rates and pile-up positions. The water production rate Q H2O of comet Hale-Bopp during this period was estimated from measurement of the 100{010 vibrational band emission by Dello Russo et al. (1997a and 1997b) . This group We can see from Figure 8 that the pile-up radius seems to scale in rough proportion to the water production rate of the comet, though the lower limit on comet Hyakutake's pile-up position is in con ict with this trend. The position of comet Hale-Bopp's H 2 O + pile-up is only slightly further out than would be predicted by a linear extrapolation of the position measured at comet Halley. It is not possible to make any rm conclusions regarding the mechanism responsible for pile-up formation with such a small dataset. An important factor which has not been accounted for is the variable e ect of the solar wind. Observations of the three comets reported here were all performed near the solar activity minima of September 1986 or May 1996. Even so, short-term solar wind uctuations and the heliocentric latitude of the comet may have important e ects on the scale of the ion pile-up. It is a balance between the magnetic pressure of the solar wind, the water production rate of the comet, and the ionization rate which controls the scale of all plasma structures in the coma. We must await the observation of a greater number of cometary ion pile-ups and their correlation with accurate measures of water production rate and the local solar wind conditions in order to advance our understanding of the formation mechanism.
Summary
We have identi ed shell-like regions of enhanced plasma density sunward of the nucleii of comets Hale-Bopp and Hyakutake. These structures appear to be analogous to the \ion pile-up" detected at comet Halley by the Giotto and Vega 1 spacecraft. Our observations therefore suggest that the ion pile-up is a common, perhaps typical feature of the near-nuclear plasma structure of large comets, and is stable over timescale of hours to days. The shell-like structure of the ion pile-up can in many cases be well t by a hemispherical density model, though at times when the pile-up is strongest, it is noticeably condensed along the sunward vector. The nucleocentric distance to the pile-up peak appears to rise proportionately to the water production rate of the comet, though this conclusion will have to be veri ed by more accurate determinations of the later.
The ground-based detection and monitoring of ion pile-ups in a greater number of comets may allow a method for nally determining the mechanism responsible for pile-up creation. 
